On the secular trend of COₓ and CO₂ in the lower thermosphere by Garcia, RR et al.
This is a repository copy of On the secular trend of CO  and CO  in the lower ₓ ₂
thermosphere.
White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/131572/
Version: Accepted Version
Article:
Garcia, RR, López-Puertas, M, Funke, B et al. (3 more authors) (2016) On the secular 
trend of CO  and CO  in the lower thermosphere. Journal of Geophysical Research: ₓ ₂
Atmospheres, 121 (7). pp. 3634-3644. ISSN 2169-897X 
https://doi.org/10.1002/2015JD024553
©2016. American Geophysical Union. This is an author produced version of a paper 
published in Journal of Geophysical Research: Atmospheres. Uploaded in accordance with
the publisher's self-archiving policy.
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/
Reuse 
Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless 
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by 
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of 
the full text version. This is indicated by the licence information on the White Rose Research Online record 
for the item. 
Takedown 
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 


2QWKHVHFXODUWUHQGRI&2[DQG&2LQWKHORZHUWKHUPRVSKHUH

5RODQGR5*DUFLD0DQXHO/ySH]3XHUWDV%HUQG)XQNH'RXJODV(.LQQLVRQ
'DQLHO50DUVKDQG/L\LQJ4LDQ







1DWLRQDO&HQWHUIRU$WPRVSKHULF5HVHDUFK%RXOGHU&286$
,QVWLWXWRGH$VWURItVLFDGH$QGDOXFtD&6,&*UDQDGD6SDLQ
&RUUHVSRQGLQJDXWKRU55*DUFLD1DWLRQDO&HQWHUIRU$WPRVSKHULF5HVHDUFK%RXOGHU
&286$UJDUFLD#XFDUHGX
 
 
.H\SRLQWV
• 2EVHUYDWLRQVVXJJHVWWKDW&2LQWKHORZHUWKHUPRVSKHUHKDVLQFUHDVHGUDSLGO\
VLQFHWKHHDUO\V
• 7KHREVHUYHGEHKDYLRUFDQQRWEHVLPXODWHGE\DFRPSUHKHQVLYHFOLPDWHFKHPLVWU\
PRGHO
• 0RGHODQGREVHUYDWLRQVFRXOGEHUHFRQFLOHGLIYHUWLFDOHGG\PL[LQJKDVLQFUHDVHG
E\DERXWSHUGHFDGH 
 
$EVWUDFW

$QDQDO\VLVRIUHFHQWREVHUYDWLRQVPDGHE\WKH$&()76LQVWUXPHQW
LQGLFDWHWKDWWRWDOFDUERQ&2[ &2&2KDVEHHQLQFUHDVLQJUDSLGO\LQWKHORZHU
WKHUPRVSKHUHDERYHK3DNP7KHHVWLPDWHGWUHQGaSHUGHFDGHLVDERXWD
IDFWRURIWZRODUJHUWKDQWKHUDWHRILQFUHDVHWKDWFDQEHDVFULEHGWRDQWKURSRJHQLF
HPLVVLRQVRI&2aSHUGHFDGH+HUHZHLQYHVWLJDWHZKHWKHUWKHREVHUYHGWUHQGVRI
&2DQG&2[FDQEHUHSURGXFHGXVLQJWKH:KROH$WPRVSKHUH&RPPXQLW\&OLPDWH0RGHO
:$&&0DFRPSUHKHQVLYHJOREDOPRGHOZLWKLQWHUDFWLYHFKHPLVWU\ZKHUHLQYHUWLFDO
HGG\GLIIXVLRQLVHVWLPDWHGIURPDSDUDPHWHUL]DWLRQRIJUDYLW\ZDYHEUHDNLQJWKDWFDQ
UHVSRQGWRFKDQJHVLQWKHPRGHOFOLPDWH:HILQGWKDWWKHPRGHOHGWUHQGVRI&2DQG&2[
GRQRWGLIIHUVLJQLILFDQWO\DWDQ\DOWLWXGHIURPWKHYDOXHH[SHFWHGIURPDQWKURSRJHQLF
LQFUHDVHVRI&2DQGWKDW:$&&0GRHVQRWSURGXFHVLJQLILFDQWFKDQJHVLQHGG\
GLIIXVLYLW\:HVKRZWKDWWKHGLVFUHSDQF\EHWZHHQPRGHODQGREVHUYDWLRQVFDQQRWEH
DWWULEXWHGWRXQFHUWDLQWLHVDVVRFLDWHGZLWKJHRSK\VLFDOQRLVHDQGLQVWUXPHQWDOHIIHFWVWR
GLIILFXOWLHVVHSDUDWLQJDOLQHDUWUHQGIURPWKH\HDUVRODUVLJQDORUWRVSDUVHVDPSOLQJE\
$&()76(VWLPDWHVRIWKHLPSDFWRIYHUWLFDOGLIIXVLRQRQ&2LQWKHPRGHOLQGLFDWHWKDWD
ODUJHLQFUHDVHLQK]]aSHUGHFDGHZRXOGEHQHFHVVDU\WRUHFRQFLOH:$&&0UHVXOWV
ZLWKREVHUYDWLRQV,WPLJKWEHSRVVLEOHWRDVFHUWDLQZKHWKHUVXFKDODUJHFKDQJHLQYHUWLFDO
PL[LQJKDVLQIDFWWDNHQSODFHE\H[DPLQLQJWKHWUHQGRIZDWHUYDSRULQWKHXSSHU
PHVRVSKHUH
 ,QWURGXFWLRQ
Emmert et al.FDOFXODWHGWKHJOREDOOLQHDUWUHQGRI&2[WKHVXPRI&2DQG
&2IURPREVHUYDWLRQVPDGHE\WKH$WPRVSKHULF&KHPLVWU\([SHULPHQW)RXULHU
7UDQVIRUP6SHFWURPHWHU$&()76EHWZHHQ$SULODQG6HSWHPEHUDQG
GRFXPHQWHGDYHU\IDVWUDWHRILQFUHDVHDWDOWLWXGHVDERYHDERXWK3DaNP1HDU
NPWKHOLQHDUWUHQGRI&2[ZDVDSSUR[LPDWHO\SHUGHFDGHZKLFKLVPXFKIDVWHU
WKDQWKHDQWKURSRJHQLFUDWHRILQFUHDVHRI&2LQWKHORZHUDWPRVSKHUHIRUWKHSHULRGLQ
TXHVWLRQaSHUGHFDGHEmmert et al.DQDO\]HGWKHWUHQGLQ&2[LQRUGHUWRPLQLPL]H
WKHHIIHFWVRIWKHVRODUF\FOHRQ&2VLQFHWKHSKRWRO\VLVRIWKLVJDVE\89UDGLDWLRQ
ZKLFKSURGXFHV&2EHFRPHVLPSRUWDQWDERYHNPDQGYDULHVVWURQJO\ZLWKVRODU
DFWLYLW\,QVRIDUDV&2UHSUHVHQWVWKHEXONRI&2[EHORZDERXWNPEmmert et al.
DVFULEHGWKHWUHQGLQ&2[WRLQFUHDVHVLQ&27KH\DOVRVKRZHGXVLQJDRQHGLPHQVLRQDO
PRGHOZLWKLQWHUDFWLYHFKHPLVWU\>Roble@WKDWWKHREVHUYHGWUHQGLQ&2[FRXOGEH
GXHWRDFRUUHVSRQGLQJWUHQGLQYHUWLFDOHGG\GLIIXVLRQRISHUGHFDGHVLQFHVXFKD
WUHQGZRXOGLQFUHDVHWKHUDWHRIWUDQVSRUWRI&2LQWRWKHORZHUWKHUPRVSKHUH,QGHHG
Garcia et al.>@KDYHVKRZQWKDWLQWKHUDQJHRIDOWLWXGHNPDERXWWR
K3DWKHPL[LQJUDWLRRI&2LVFRQWUROOHGSULQFLSDOO\E\WKHFRPSHWLWLRQEHWZHHQHGG\
GLIIXVLRQDQGPROHFXODUGLIIXVLYHVHSDUDWLRQ
Emmert et al¶VFRQFOXVLRQVUHJDUGLQJDIDVWUDWHRILQFUHDVHRI&2LQWKHORZHU
WKHUPRVSKHUHDUHVXSSRUWHGE\WKHUHFHQWVWXG\RIYue et al.>@ZKRXVHG6$%(5
6RXQGLQJRIWKH$WPRVSKHUHE\%URDGEDQG(PLVVLRQ5DGLRPHWU\REVHUYDWLRQVIURP
WKURXJKDQGHVWLPDWHGDUDWHRILQFUHDVHRI&2H[FHHGLQJSHUGHFDGHDERYH
NP:KLOH6$%(5REVHUYDWLRQVGRQRWLQFOXGH&2Yue et alSHUIRUPHGDPXOWLSOH
 
OLQHDUUHJUHVVLRQWKDWLQFOXGHGWKHVRODUFPUDGLRIOX[DVDSUHGLFWRUWRDFFRXQWIRUWKH
LQIOXHQFHRIVRODUDFWLYLW\RQ&2
+HUHZHLQYHVWLJDWHZKHWKHUWKHODUJHWUHQGVRI&2DQG&2[LQWKHXSSHUDWPRVSKHUH
GHULYHGIURPREVHUYDWLRQVFDQEHUHSURGXFHGLQVLPXODWLRQVPDGHZLWKWKH:KROH
$WPRVSKHUH&RPPXQLW\&OLPDWH0RGHO:$&&0DWKUHHGLPHQVLRQDOJOREDOFOLPDWH
PRGHOZLWKLQWHUDFWLYHFKHPLVWU\7KHPRGHOLVGLVFXVVHGEULHIO\LQ6HFWLRQZLWK
HPSKDVLVRQWKHTXHVWLRQRIWUDQVSRUWLQWKHPHVRVSKHUHDQGORZHUWKHUPRVSKHUH0/7
ZKLFKLVGRPLQDWHGE\WKHGLYHUJHQFHRIYHUWLFDOHGG\IOX[HVGXHWREUHDNLQJJUDYLW\
ZDYHV:KLOHWKHVHVPDOOVFDOHZDYHVFDQQRWEHVLPXODWHGH[SOLFLWO\DWWKHUHODWLYHO\FRDUVH
VSDWLDODQGWHPSRUDOUHVROXWLRQVXVHGLQDFOLPDWHPRGHOWKH\DUHSDUDPHWHUL]HGLQVXFKD
ZD\WKDWWKH\FDQUHVSRQGWRFKDQJHVLQWKHPRGHO¶VFOLPDWH
,Q6HFWLRQZHFRPSDUHXSGDWHG$&()76REVHUYDWLRQVWKDWVSDQWKHSHULRG
WKURXJKZLWK:$&&0VLPXODWLRQVRIWKHVDPHSHULRGWRVKRZWKDWWKHVLPXODWHG&2
DQG&2DJUHHZHOOZLWKWKHREVHUYDWLRQVLQWKHORZHUWKHUPRVSKHUH,Q6HFWLRQZH
GHULYHWUHQGVLQ&2[DQG&2IURPWKH$&()76GDWDDQGFRPSDUHWKHPZLWKWUHQGV
GHULYHGIURP:$&&0RXWSXWDQGZLWKWKHHDUOLHUHVWLPDWHVRIEmmert et al.>@7KH
WUHQGVGHULYHGIURPWKHGDWDDUHFRQVLVWHQWZLWKWKHILQGLQJVRIEmmert et al.DQGDUHPXFK
ODUJHUWKDQWKHPRGHOWUHQGVDERYHNP,QIDFW:$&&0GHULYHGWUHQGVLQWKHORZHU
WKHUPRVSKHUHDUHQRWVLJQLILFDQWO\GLIIHUHQWIURPWKHWUHQGVEHORZWKHPHVRSDXVHZKLFK
DUHDVFULEDEOHWRDQWKURSRJHQLFHPLVVLRQVRI&2:HJRRQWRH[DPLQHVHYHUDOSRVVLEOH
VRXUFHVRIXQFHUWDLQW\WKDWPLJKWDFFRXQWIRUWKHGLVFUHSDQF\EHWZHHQREVHUYHGDQG
PRGHOHGWUHQGVDQGFRQFOXGHWKDWQRQHFDQH[SODLQWKHGLIIHUHQFHVEHWZHHQWKHPRGHODQG
WKHREVHUYDWLRQV)LQDOO\ZHHVWLPDWHWKHLPSDFWRILQFUHDVHVLQYHUWLFDOHGG\GLIIXVLRQRQ
 
WKHWUHQGVFRPSXWHGZLWK:$&&0DQGILQGWKDWDUDWKHUODUJHK]]WUHQGRIRYHUSHU
GHFDGHZRXOGEHQHHGHGWRUHFRQFLOHWKHPRGHOZLWKWKHREVHUYDWLRQV,Q6HFWLRQZH
VXPPDUL]HRXUILQGLQJVDQGVXJJHVWDGGLWLRQDOREVHUYDWLRQVWKDWPLJKWEHXVHIXOIRU
DVFHUWDLQLQJZKHWKHUVXFKLQFUHDVHVLQYHUWLFDOHGG\GLIIXVLRQPLJKWKDYHWDNHQSODFHLQWKH
(DUWK¶VXSSHUDWPRVSKHUH
 1XPHULFDOPRGHO
7KH:KROH$WPRVSKHUH&RPPXQLW\&OLPDWH0RGHO:$&&0LVDJOREDOFOLPDWH
PRGHOZLWKLQWHUDFWLYHFKHPLVWU\WKDWVSDQVWKHUDQJHRIDOWLWXGHNP,QWKLVVWXG\
ZHXVHWKH³VSHFLILHGG\QDPLFV´YHUVLRQ6':$&&0GHVFULEHGE\Garcia et al.>@
,Q6':$&&0ZLQGVDQGWHPSHUDWXUHDUHFRQVWUDLQHGE\1$6$¶V0RGHUQ(UD
5HWURVSHFWLYH$QDO\VLV0(55$GDWD>Rienecker et al.,@HYHU\ZKHUHEHORZ
DSSUR[LPDWHO\K3DXVLQJWKHSURFHGXUHGLVFXVVHGE\Kunz et al.>@7KHXVHRI6'
:$&&0IRUWKHSUHVHQWLQYHVWLJDWLRQLVPRWLYDWHGE\WKHGHVLUHWRVWXG\WKHSDUWLFXODU
SHULRGWKURXJKFRYHUHGE\WKH$&()76REVHUYDWLRQVGHVFULEHGLQWKHQH[W
VHFWLRQ:KLOH6':$&&0LVIUHHUXQQLQJDERYHK3DLiu et al.>@KDYHVKRZQWKDW
WKHG\QDPLFVRIWKHPHVRVSKHUHDQGORZHUWKHUPRVSKHUHDUHVWURQJO\LQIOXHQFHGE\WKH
EHKDYLRURIWKHORZHUDWPRVSKHUH,QWKHUHPDLQGHURIWKLVSDSHUZHUHIHUWRWKHPRGHO
VLPSO\DV:$&&0ZLWKWKHXQGHUVWDQGLQJWKDWDOOVLPXODWLRQVKDYHEHHQFDUULHGRXWZLWK
WKHVSHFLILHGG\QDPLFVYHUVLRQ
7KHUHDGHULVUHIHUUHGWRWKHVWXG\RIGarcia et al.>@IRUDGGLWLRQDOGHWDLOVRIWKH
VSHFLILHGG\QDPLFVFRQILJXUDWLRQ+HUHZHHPSKDVL]HRQO\WKHSDUDPHWHUL]DWLRQRIVPDOO
VFDOHJUDYLW\ZDYHVVLQFHYHUWLFDOPL[LQJGXHWRJUDYLW\ZDYHEUHDNLQJLVWKHSULQFLSDO
 
XSZDUGWUDQVSRUWPHFKDQLVPLQWKHORZHUWKHUPRVSKHUHEHORZK3DSDUWLFXODUO\LQWKH
JOREDOPHDQVHQVH7KHJUDYLW\ZDYHSDUDPHWHUL]DWLRQDWWHPSWVWRWDNHLQWRDFFRXQWWKH
H[FLWDWLRQRIPHVRVFDOHZDYHVE\YDULRXVSK\VLFDOPHFKDQLVPVVXFKDVIORZRYHU
RURJUDSK\GHHSFRQYHFWLRQDQGIURQWDO]RQHV1RQRURJUDSKLFJUDYLW\ZDYHVRXUFH
VSHFWUDDUHGHSHQGHQWRQFRQYHFWLYHKHDWUHOHDVHLQWKH7URSLFVDQGIURQWDO]RQHVGLDJQRVHG
LQH[WUDWURSLFDOODWLWXGHVDVGHVFULEHGLQGHWDLOE\Richter et al>@%HFDXVH
SDUDPHWHUL]HGJUDYLW\ZDYHVRXUFHVDUHUHODWHGWRSK\VLFDOSURFHVVHVVLPXODWHGLQWKH
XQGHUO\LQJJOREDOPRGHOWKHLUEHKDYLRUFDQSRWHQWLDOO\FKDQJHDVWKHPRGHOFOLPDWH
FKDQJHV)RUH[DPSOHWKHVRXUFHVSHFWUDZLOOFKDQJHLIWKHFKDUDFWHULVWLFVRIFRQYHFWLRQRU
WKHIUHTXHQF\RULQWHQVLW\RIIURQWVGLDJQRVHGLQWKHPRGHOFKDQJHVDQGWKHSURSDJDWLRQRI
WKHZDYHVWRWKH0/7ZLOOEHLQIOXHQFHGE\WKHEHKDYLRURIWKH]RQDOPHDQ]RQDOZLQG
V\VWHPVLQWKHVWUDWRVSKHUH
:HQRWHWKDWWKHHIIHFWLYHYDOXHRIK]]FDOFXODWHGZLWK:$&&0GHSHQGVDOVRRQWKH
YDOXHDVVXPHGIRUWKH3UDQGWOQXPEHUPrZKLFKGHVFULEHVWKHUDWLRRIWKHHGG\PRPHQWXP
IOX[WRWKHHGG\IOX[RISRWHQWLDOWHPSHUDWXUHRUFKHPLFDOVSHFLHV>VHHGarcia et al.@
7KHYDOXHXVHGLQWKHVWXG\RIGarcia et al. >@ZDVPr  $VGLVFXVVHGLQWKDWVWXG\
FRPSDULVRQRIVLPXODWHGDQGREVHUYHG&2DQG&2VXJJHVWVWKDWDVPDOOHUYDOXHPr 
PLJKWEHPRUHDSSURSULDWHWKHUHIRUHZHXVHVLPXODWLRQVPDGHZLWKPr WRFRPSXWH
PRGHOWUHQGVLQWKLVVWXG\1HYHUWKHOHVVLQ6HFWLRQZHXVHUHVXOWVIURPRXUHDUOLHU
VLPXODWLRQZLWKPr  WRHVWLPDWHWKHSRWHQWLDOLPSDFWRIFKDQJHVLQK]]RQWKHWUHQGVRI
&2[DQG&2,WVKRXOGEHQRWHGHPSKDVL]HGKRZHYHUWKDWWKHWUHQGVRI&2DQG&2[LQ
:$&&0DUHLQVHQVLWLYHWRPrDVORQJDVWKHYDOXHRIPr LVFRQVWDQWWKURXJKRXWWKH
VLPXODWLRQ
 
 &RPSDULVRQRIREVHUYHGDQGPRGHOHG&2DQG&2
7KH$WPRVSKHULF&KHPLVWU\([SHULPHQW)RXULHU7UDQVIRUP6SHFWURPHWHU$&()76
RQ6&,6$7KDVEHHQPDNLQJVRODURFFXOWDWLRQPHDVXUHPHQWVRI&2DQG&2VLQFH
>Boone et alClerbaux et al.,Beagley et al.,@&2YROXPHPL[LQJUDWLR
YPULVUHWULHYHGIURPWRNPWKHYHUWLFDOUHVROXWLRQDYHUDJHVNPYDU\LQJIURP
WRNPGHSHQGLQJRQWKHWLPHRIWKH\HDU5DQGRPHUURUVDUHGHSHQGLQJRQ
ODWLWXGHDQGV\VWHPDWLFHUURUVUDQJHIURPDWWKHORZDOWLWXGHVNPWRDERXW
DWNPDWNPDQGDWNP>Beagley et al.,@&2YPULVUHWULHYHG
LQWKHUDQJHIURPNPWRDERXWNP>Clerbaux et al.@7KHYHUWLFDOUHVROXWLRQ
DERYHDERXWK3DLVDERXWNPGHJUDGLQJWRNPLQWKHXSSHUPHVRVSKHUH7KHUDQGRP
HUURUVRIWKH&2PHDVXUHPHQWVDUHLQWKHPHVRVSKHUHDQGORZHUWKHUPRVSKHUH
V\VWHPDWLFHUURUVDUHIURPWRNP7KH$&()76REVHUYDWLRQVDVZHOODVWKH
GDWDVFUHHQLQJSURFHGXUHVHPSOR\HGDUHGLVFXVVHGLQPRUHGHWDLOHGE\Garcia et al
>@7KHGDWDXVHGKHUHLVYHUVLRQ>Boone et al.,@DQGZDVREWDLQHGIURPWKH
$&(6FLHQFH7HDPDWWKH8QLYHUVLW\RI:DWHUORR&DQDGD:HQRWHWKDW$&(REVHUYDWLRQV
DUHSURFHVVHGLQJHRPHWULFFRRUGLQDWHV+RZHYHUWKHILQDOGDWDSURGXFWVDUHSURYLGHGLQ
ERWKJHRPHWULFDQGSUHVVXUHFRRUGLQDWHVDQGZHXVHGDWDLQSUHVVXUHFRRUGLQDWHVLQDOO
FRPSDULVRQVZLWK:$&&0
&2KDVDOVREHHQREVHUYHGE\WKH0LFKHOVRQ,QWHUIHURPHWHUIRU3DVVLYH$WPRVSKHULF
6RXQGLQJ0,3$6XVLQJWKH³PLGGOHDWPRVSKHUH´DQG³XSSHUDWPRVSKHUH´PRGHV
>Oelhaf@ZKLFKFRYHUWKHDOWLWXGHUDQJHVNPDQGNPUHVSHFWLYHO\
7KHYHUWLFDOUHVROXWLRQRIWKH0,3$6&2SURILOHVLV±NPEHORZNPDWQLJKWDQG
EHORZNPGXULQJGD\WLPHDQGNPDERYHWKRVHDOWLWXGHV7KHVLQJOHPHDVXUHPHQW
 
SUHFLVLRQQRLVHHUURULVEHORZNPDQGDERYHZKLOHWKHV\VWHPDWLF
HUURULVHVWLPDWHGWRUDQJHEHWZHHQDQG>Funke et al., @7KH0,3$6GDWDDUH
DOVRGLVFXVVHGLQGHWDLOE\Garcia et al. >@
)LJXUHVKRZVWLPHVHULHVRI:$&&0&2DQG&2WRJHWKHUZLWKREVHUYDWLRQVDW
VHYHUDOOHYHOVLQWKHORZHUWKHUPRVSKHUH[K3DaNP[K3DaNP
DQGK3DaNP)RU&2:$&&0LVZLWKLQRIWKH$&()76REVHUYDWLRQVDW
DOOOHYHOVH[FHSW[K3DZKHUHWKHGLIIHUHQFHVUHDFK:KLOHWKHGLVFUHSDQFLHV
DUHQRWODUJHFRPSDUHGWRWKHPHDVXUHPHQWHUURUVIRU$&()76:$&&0UHVXOWVIRU&2
DUHXQLIRUPO\ORZLQDOOFDVHV)RU&2WKH:$&&0VLPXODWLRQLVJHQHUDOO\FORVHUWR
REVHUYDWLRQVHVSHFLDOO\JLYHQWKHODUJHPHDVXUHPHQWHUURUV+RZHYHUDWK3D
:$&&0&2LVV\VWHPDWLFDOO\KLJKHUWKDQERWK$&()76DQG0,3$6,QVSLWHRIWKHVH
GLVFUHSDQFLHV:$&&0UHSURGXFHVZHOOWKHORQJWHUPYDULDELOLW\RIWKHGDWDZKLFKLV
GRPLQDWHGE\WKHVRODUF\FOHLQSDUWLFXODUDWWKHKLJKHUDOWLWXGHV
7KHHIIHFWRIWKHVRODUF\FOHFDQEHODUJHO\UHPRYHGE\FRQVLGHULQJWRWDOFDUERQ&2[
ZKLFKLQWKHORZHUWKHUPRVSKHUHLVHVVHQWLDOO\WKHVXPRI&2DQG&2)LJXUHVKRZVD
FRPSDULVRQRIPRGHOHGDQGREVHUYHG&2[DWDQG[K3DWZROHYHOVZKHUHERWK
&2DQG&2DUHPHDVXUHGE\$&()766LQFH&2[DWWKHVHOHYHOVLVGRPLQDWHGE\&2
WKHDJUHHPHQWLVZLWKLQDVZDVWKHFDVHIRU&2LQ)LJXUHZLWK:$&&0EHLQJ
V\VWHPDWLFDOO\ORZFRPSDUHGWR$&()76,QERWKPRGHODQGREVHUYDWLRQVWKHHYROXWLRQ
RI&2[VKRZVPDLQO\DQLQFUHDVLQJWUHQGZLWKQRLQGLFDWLRQRIDQ\VRODUF\FOHLQIOXHQFH
7KHUDWHRILQFUHDVHRI&2[LVFOHDUO\IDVWHULQ$&()76WKDQLQ:$&&0DQGWKLV
GLIIHUHQFHZLOOEHTXDQWLILHGLQWKHQH[WVHFWLRQZKHUHZHFDOFXODWHOLQHDUWUHQGV$Q
DGGLWLRQDOGLIIHUHQFHEHWZHHQPRGHODQGREVHUYDWLRQVERWKIRU&2[DQGIRU&2DQG&2
 
LQGLYLGXDOO\LVWKDWWKHREVHUYDWLRQVH[KLELWFRQVLGHUDEO\ODUJHUVKRUWWHUPYDULDELOLW\WKDQ
WKHPRGHO7KHSRWHQWLDOHIIHFWRIWKLVGLIIHUHQFHRQWKHFDOFXODWLRQRIWUHQGVIURP
:$&&0RXWSXWZLOOEHDGGUHVVHGEHORZ
 &DOFXODWLRQDQGFRPSDULVRQRIOLQHDUWUHQGV
7LPHVHULHVRI&2[LQ:$&&0DUHFRQVWUXFWHGIURPPRQWKO\PHDQJOREDOO\
DYHUDJHGRXWSXWIRU&2DQG&27KHPRGHORXWSXWZDVGHVHDVRQDOL]HGE\VXEWUDFWLQJWKH
FRPSRVLWHPRQWKO\VHDVRQDOF\FOHIRUWKHSHULRGDWHDFKPRGHOOHYHO$&()76
GDWDZHUHWUHDWHGKHUHLQWKHVDPHZD\DVWKH:$&&0RXWSXWWKDWLVGHVHDVRQDOL]HG
JOREDOPRQWKO\DYHUDJHVZHUHFDOFXODWHGIURPWKHGDWDRQHDFKSUHVVXUHOHYHO7KLVGLIIHUV
IURPWKHSURFHGXUHHPSOR\HGE\Emmert et al.>@EXW\LHOGVYHU\VLPLODUWUHQGVDV
VKRZQEHORZ
:HFKDUDFWHUL]HWKHORQJWHUPEHKDYLRURI&2[LQWKH\HDUSHULRGWRLQ
WHUPVRIWKHOLQHDUWUHQGREWDLQHGIURPDPXOWLSOHOLQHDUUHJUHVVLRQ0/57KHUHJUHVVLRQ
PRGHOXVHGLV
  ߰ ൌ ܽ ൅ ܾ ڄ ݐ ൅ ܿ ڄ ݏሺݐሻ ൅ ݀ ڄ ݍܾ݋ଵሺݐሻ ൅ ݁ ڄ ݍܾ݋ ? ?ሺݐሻ  
ZKHUHt LVWLPHsLVDVRODUF\FOHSUHGLFWRUKHUHWDNHQWREHWKHFPUDGLRIOX[DQG
qbo, DQGqboDUHWZROLQHDUO\LQGHSHQGHQWLQGLFHVRIWKHTXDVLELHQQLDORVFLOODWLRQ4%2
UHSUHVHQWHGE\WKH]RQDOPHDQ]RQDOZLQGDWDQGK3DUHVSHFWLYHO\7KH
DXWRFRUUHODWLRQRIWKHUHVLGXDOVRIWKHILWZDVWDNHQLQWRDFFRXQWZKHQHVWLPDWLQJWKH
XQFHUWDLQW\RIWKHWUHQG>Tiao et al.,@1RDWWHPSWZDVPDGHWRLQFOXGHLQWKH0/5
SUHGLFWRUVIRU(162(O1LxR6RXWKHUQ2VFLOODWLRQRUIRUYROFDQLFHUXSWLRQV,QSUDFWLFHLW
WXUQVRXWWKDWHYHQWKH4%2SUHGLFWRUVH[SODLQDQHJOLJLEOHIUDFWLRQRIWKHYDULDQFHRI&2[
 
LQWKHORZHUWKHUPRVSKHUH/LNHZLVHWKHVRODUSUHGLFWRUWXUQVRXWWREHUHODWLYHO\
XQLPSRUWDQWDWWKHDOWLWXGHVEHORZDERXWNPZKHUH&2[GDWDDUHDYDLODEOHIURP$&(
)761RWHWKDWWKLVLVQRWWUXHRI&2DORQHZKLFKLVSKRWRO\]HGE\89UDGLDWLRQWR
SURGXFH&2+RZHYHUWKHFRPELQDWLRQRI&2DQG&2LQWRDWRWDOFDUERQYDULDEOH&2[
KDVWKHGHVLUDEOHHIIHFWRIPLQLPL]LQJWKHLPSDFWRIWKHVRODUF\FOHRQWKH0/5 
)LJXUHFRPSDUHVWKHYHUWLFDOSURILOHRIWKHOLQHDUWUHQGFRHIILFLHQWb, REWDLQHGZKHQ
WKH0/5GHILQHGE\(TLVDSSOLHGWR$&()76REVHUYDWLRQVDQGWR:$&&0RXWSXW
7KUHHWKLQJVDUHLPPHGLDWHO\REYLRXVIURPWKHILJXUH7KHWUHQGFDOFXODWHGIURP$&()76
PHDVXUHPHQWVUHDFKHVDPD[LPXPRIDWNPFRQVLVWHQWZLWKWKHUHVXOWVRI
Emmert et al.>@ZKRDQDO\]HGDVKRUWHUSHULRGWKHWUHQGFDOFXODWHGIURP
:$&&0RXWSXWLQWKHORZHUWKHUPRVSKHUHLVVWDWLVWLFDOO\LQGLVWLQJXLVKDEOHIURPWKHWUHQG
DWORZHUDOWLWXGHVDQGWKH:$&&0WUHQGLVVLJQLILFDQWO\GLIIHUHQWIURPWKDWGHULYHGIURP
$&()76REVHUYDWLRQVLQWKHORZHUWKHUPRVSKHUHEHWZHHQ[K3DaNPDQG[
K3DaNP$VLQEmmert et al.RXUHVWLPDWHRIWKH$&()76WUHQGEHORZNP
aK3DLVLQIOXHQFHGE\a priori DVVXPSWLRQVDERXW&2LQKHUHQWLQWKH$&()76
UHWULHYDOZKLFK\LHOGWRRORZDWUHQGIRUWKHSHULRGXQGHUH[DPLQDWLRQ+RZHYHUDVQRWHG
E\Emmert et al.WKLVGRHVQRWDIIHFWWKHHVWLPDWHRIWKHWUHQGDERYHNPaK3D
:HFRQVLGHUQH[WZKHWKHUWKHVWDWLVWLFDOVLJQLILFDQFHRIWKH:$&&0$&(GLIIHUHQFHV
PLJKWEHH[DJJHUDWHGEHFDXVH:$&&0&2[KDVVXEVWDQWLDOO\OHVVVKRUWWHUPYDULDELOLW\
WKDQ$&()76GDWD6SHFLILFDOO\WKH:$&&0WLPHVHULHVVKRZQLQ)LJXUHVDQGDUH
FRQVWUXFWHGIURPWUXH]RQDOPHDQVDYHUDJHGJOREDOO\RYHUODWLWXGHZKHUHDV$&()76VRODU
RFFXOWDWLRQREVHUYDWLRQVDUHPXFKPRUHVSDUVHERWKLQORQJLWXGHDQGODWLWXGHDQGLQWLPH
DQGWKH\DUHVXEMHFWWRPHDVXUHPHQWHUURUVQRWSUHVHQWLQ:$&&0$FXUVRU\
 
H[DPLQDWLRQRI)LJXUHVDQGUHYHDOVWKDWWKHKLJKIUHTXHQF\YDULDELOLW\LVDERXWDIDFWRU
RIODUJHULQWKH$&()76WLPHVHULHVWKDQLQWKH:$&&0WLPHVHULHV:HWKHUHIRUHWHVW
WKHVHQVLWLYLW\RIWKH:$&&0WUHQGVWRWKHDGGLWLRQRI³UDQGRPQRLVH´ZKLFKZH
VLPXODWHVLPSO\E\DGGLQJWRWKHWLPHVHULHVRI:$&&0&2DQG&2DVHULHVRIQRUPDOO\
GLVWULEXWHGSVHXGRUDQGRPQXPEHUVPXOWLSOLHGWLPHVWKHVWDQGDUGGHYLDWLRQRIWKHRULJLQDO
WLPHVHULHVDWHDFKDOWLWXGHWKLVKDVWKHHIIHFWRILQFUHDVLQJWKHVWDQGDUGGHYLDWLRQRIWKH
UHVXOWLQJ³QRLV\´WLPHVHULHVE\DERXWDIDFWRURI ? ?FRPSDUHGWRWKHRULJLQDO$VDUHVXOW
WKHKLJKIUHTXHQF\YDULDELOLW\RIWKHWUHDWHG:$&&0RXWSXWLVVLPLODUWRWKDWVHHQLQ$&(
)76GDWDQRWVKRZQ7KHOLQHDU&2[WUHQGSURILOHH[WUDFWHGIURPWKH:$&&0RXWSXW
ZLWKDGGHGQRLVHLVVKRZQLQ)LJXUH:KLOHWKHXQFHUWDLQW\RIWKHWUHQGLVPXFKODUJHU
WKDQIRUWKHRULJLQDO:$&&0RXWSXW)LJXUHWKHWUHQGLQWKHWKHUPRVSKHUHUHPDLQV
VWDWLVWLFDOO\XQGLVWLQJXLVKDEOHIURPWKHWUHQGDWORZHUDOWLWXGHVDQGVWDWLVWLFDOO\GLIIHUHQW
IURPWKH$&()76WUHQGEHWZHHQDERXWDQGNP
:HKDYHDOVRWHVWHGZKHWKHUXQFHUWDLQWLHVLQRXUNQRZOHGJHRI\HDUVRODUYDULDELOLW\
DW89ZDYHOHQJWKVPLJKWLQIOXHQFHWKH&2[WUHQGGHULYHGIURP:$&&0$VGLVFXVVHGE\
Ermolli et al.>@UHFHQWPHDVXUHPHQWVRIVSHFWUDOVRODULUUDGLDQFH66,YDULDELOLW\
GLIIHUVXEVWDQWLDOO\IURPHVWLPDWHVEDVHGRQHPSLULFDOPRGHOV,QSDUWLFXODUBall et al
>@VKRZWKDWWKH\HDUYDULDELOLW\REVHUYHGE\WKH62/67,&(LQVWUXPHQWRQERDUG
1$6$¶V625&(VDWHOOLWHLVPXFKODUJHUDWZDYHOHQJWKVQPWKDQSUHGLFWHGE\
PRGHOVVXFKDV15/66,>Lean et al.,@DQG6$7,5(>Krivova et al.,@)RU&2[
ZHDUHLQWHUHVWHGLQWKHUDQJHRIZDYHOHQJWKQPZKLFKGRPLQDWHV&2SKRWRO\VLV
EHORZaNP>FIGarcia et al.WKHLU)LJXUH@$WWKHVHZDYHOHQJWKV66,FKDQJHV
RYHUWKH\HDUVRODUF\FOHDUHDERXWDIDFWRURIWZRODUJHULQ62/67,&(REVHUYDWLRQV
 
WKDQLQHLWKHURIWKHDIRUHPHQWLRQHGPRGHOV66,LQ:$&&0LVSUHVFULEHGXVLQJWKH
15/66,PRGHOVRZHDGMXVWHG66,YDULDELOLW\LQWKHUDQJHQPWREHWZLFHDV
SUHGLFWHGE\WKLVPRGHOZLWKQRFKDQJHVHOVHZKHUHLQWKHVSHFWUXPDQGFDUULHGRXWDQHZ
VLPXODWLRQRIWKHSHULRG7KHUHVXOWLQJ&2[WUHQGSURILOHLVFRPSDUHGZLWKWKH
RULJLQDOWUHQGSURILOHLQ)LJXUH,WLVHYLGHQWWKDWWKHODUJHU66,YDULDELOLW\DWQP
LQWURGXFHVOLWWOHDGGLWLRQDOXQFHUWDLQW\LQWKH:$&&0&2[WUHQGHYHQDWNP7KLVLV
QRWZKROO\VXUSULVLQJEHFDXVHWKHXVHRI&2[LVLQWHQGHGWRPLQLPL]HWKHHIIHFWRIVRODU
YDULDELOLW\RQWKHHVWLPDWHRIWKHORQJWHUPWUHQG,QDGGLWLRQDVVKRZQE\Garcia et al.
>@FIWKHLU)LJXUHWKHPL[LQJUDWLRRI&2EHORZK3DaNPLVGHWHUPLQHG
PDLQO\E\WKHFRPSHWLWLRQEHWZHHQYHUWLFDOHGG\GLIIXVLRQGXHWRJUDYLW\ZDYHEUHDNLQJ
DQGPROHFXODUGLIIXVLYHVHSDUDWLRQZLWKDVPDOOHULQIOXHQFHIURP89SKRWRO\VLV
)LQDOO\ZHKDYHFRQVLGHUHGZKHWKHUWKHVSDUVHVDPSOLQJLQKHUHQWLQVRODURFFXOWDWLRQ
REVHUYDWLRQVPLJKWFRQWULEXWHWRWKHGLIIHUHQFHVLQWKHWUHQGSURILOHVGHULYHGIURP$&(
)76DQG:$&&07RLQYHVWLJDWHWKLVSRVVLELOLW\ZHH[WUDFWHG:$&&0YHUWLFDOSURILOHV
RI&2DQG&2DWWKHJHRORFDWLRQVORQJLWXGHODWLWXGHDQGWLPHQHDUHVWWR$&()76
REVHUYDWLRQVIRUWKHSHULRG:HWKHQSHUIRUPHGDWUHQGDQDO\VLVDIWHUSURFHVVLQJ
WKHGDWDDVGHVFULEHGE\Emmert et al.>@ZLWKRQHH[FHSWLRQZHUHJUHVVHGWKH
:$&&0RXWSXWRQERWKWLPHWKHOLQHDUWUHQGDQGRQWKHVRODUIFPUDGLRIOX[$V
QRWHGSUHYLRXVO\UHJUHVVLRQRQDVRODUSUHGLFWRUGRHVQRWDIIHFWWKHUHVXOWVEHORZK3D
aNPDOWKRXJKLWEHFRPHVLQFUHDVLQJO\LPSRUWDQWDWKLJKHUDOWLWXGHVZKHUH&2[LVQR
ORQJHUFRQVHUYHGGXHWRGLIIHUHQFHVLQPROHFXODUGLIIXVLRQEHWZHHQ&2DQG&27KH
UHVXOWLQJWUHQGSURILOHLVVKRZQLQ)LJXUH,WLVFOHDUWKDWHYHQZKHQWKHPRGHOLVVDPSOHG
 
XVLQJWKH$&(JHRORFDWLRQVWKH:$&&0WUHQGLVVLJQLILFDQWO\VPDOOHUWKDQWKH$&()76
WUHQGDWDOWLWXGHVEHWZHHQDERXWDQGNP
 6XPPDU\DQG'LVFXVVLRQ
7KHUHVXOWVSUHVHQWHGDERYHVKRZWKDWWKHJOREDOWUHQGRI&2[LQWKHORZHU
WKHUPRVSKHUHFDOFXODWHGZLWK:$&&0LVQRWVLJQLILFDQWO\GLIIHUHQWIURPWKHWUHQG
DVFULEDEOHWRDQWKURSRJHQLFLQFUHDVHVLQ&2DQGWKDWWKLVWUHQGQRZKHUHODUJHUWKDQ
LVPXFKVPDOOHUWKDQWKHWUHQGFDOFXODWHGIURP$&()76REVHUYDWLRQVSHU
GHFDGHLQWKHORZHUWKHUPRVSKHUH:HKDYHDOVRVKRZQWKDWHYHQZKHQZHFRQVLGHU
VHYHUDOSODXVLEOHVRXUFHVRIXQFHUWDLQW\WKDWPLJKWDIIHFWWKH:$&&0&2[WUHQGWKDWWUHQG
UHPDLQVVPDOOHUDQGVWDWLVWLFDOO\GLIIHUHQWIURPWKH$&()76WUHQGLQWKHORZHU
WKHUPRVSKHUH
Emmert et al.>@VXJJHVWHGWKDWWKH&2[WUHQGGHULYHGIURP$&()76
REVHUYDWLRQVFRXOGEHH[SODLQHGLIWKHUDWHRIHGG\GLIIXVLYHWUDQVSRUWRI&2LQWRWKHORZHU
WKHUPRVSKHUHZDVLWVHOILQFUHDVLQJ:HKDYHH[DPLQHGWKHHYROXWLRQRIWKHYHUWLFDO
GLIIXVLRQFRHIILFLHQWK]]HVWLPDWHGIURPWKHJUDYLW\ZDYHSDUDPHWHUL]DWLRQLQ:$&&0
DQGILQGQRVWDWLVWLFDOVLJQLILFDQWWUHQGDQ\ZKHUHLQWKHPRGHOGRPDLQGXULQJWKHSHULRG
XQGHUFRQVLGHUDWLRQWKLVLVFRQVLVWHQWZLWKWKHODFNRIDQ\WUHQGLQ&2RU&2[
LQWKHPRGHOEH\RQGWKDWGXHWRDQWKURSRJHQLFHPLVVLRQV
7KHYDOXHRIK]]LQ:$&&0LVSUHGLFWHGE\WKHJUDYLW\ZDYHSDUDPHWHUL]DWLRQ
LQWHUDFWLYHO\ZLWKWKHXQGHUO\LQJUHVROYHGG\QDPLFVDQGFDQQRWHDVLO\EHDGMXVWHGad hoc
+RZHYHUZHFDQHVWLPDWHWKHLPSDFWRIK]]RQFKHPLFDOVSHFLHVE\FRPSDULQJRWKHUZLVH
LGHQWLFDOVLPXODWLRQVPDGHZLWKDGLIIHUHQWYDOXHRIWKH3UDQGWOQXPEHUPr, ZKLFK
 
GHVFULEHVWKHUDWLRRIWKHHGG\PRPHQWXPIOX[WRWKHHGG\IOX[RIFKHPLFDOVSHFLHV>VHH
Garcia et al@,QSDUWLFXODUKDOYLQJPrKDVWKHHIIHFWRILQFUHDVLQJWKHHIIHFWLYH
PDJQLWXGHRIK]]E\DSSUR[LPDWHO\DIDFWRURIWZR$VQRWHGLQ6HFWLRQWKHVLPXODWLRQV
H[DPLQHGWKXVIDUZHUHPDGHXVLQJPr EXWZHDOVRKDYHDWKDQGHDUOLHUVLPXODWLRQV
GLVFXVVHGE\Garcia et al. >@WKDWXVHGPr %\FRPSDULQJ&2DQG&2DFURVVWKH
VLPXODWLRQVZHFDQDVFHUWDLQWKHLPSDFWRIGRXEOLQJK]]RQWKHVHVSHFLHV7KHQLIZH
DVVXPHWKDWFKDQJHVLQ&2DQG&2DUHOLQHDULQK]]ZHFDQHVWLPDWHWKHLPSDFWRIVPDOOHU
FKDQJHVLQK]]DFWLQJRYHURQHGHFDGHDQGWKXVHVWLPDWHWKHGHFDGDOWUHQGLQHGG\GLIIXVLRQ
WKDWLVQHFHVVDU\WREULQJ:$&&0&2[WUHQGVLQWRDJUHHPHQWZLWK$&()76WUHQGV
)LJXUHVKRZVWKHHVWLPDWHGHIIHFWRQWKH:$&&0&2[WUHQGRILQFUHDVLQJK]]DW
YDULRXVUDWHV7KHILJXUHUHSURGXFHVWKHWUHQGUHVXOWVVKRZQHDUOLHULQ)LJXUH
VXSHULPSRVLQJXSRQWKRVHRXUHVWLPDWHVRIWKHWUHQGVWKDWZRXOGUHVXOWLIK]]LQ:$&&0
LQFUHDVHGDWDQGSHUGHFDGH$ERYHDERXWK3DZKHUH&2LVQRORQJHU
ZHOOPL[HGFKDQJHVLQK]]EHJLQWRLPSDFWWKH&2[WUHQGDQGDWUHQGRISHUGHFDGHLQ
K]]JLYHVWKHEHVWPDWFKWRWKHREVHUYHGWUHQGLQ&2[EHORZDERXW[K3DNP
$ERYHWKDWDOWLWXGHWKHUHDUHVXEVWDQWLDOGLIIHUHQFHVEHWZHHQWKHHVWLPDWHG:$&&0WUHQG
DQGWKH$&()76WUHQGEHWWHUDJUHHPHQWPLJKWKDYHEHHQDFKLHYHGE\OLPLWLQJWKHDOWLWXGH
UDQJHRYHUZKLFKK]]FKDQJHVEXWZHKDYHDYRLGHGDQ\VXFKDUELWUDU\PRGLILFDWLRQVLIIRU
QRRWKHUUHDVRQWKDWWKH\ZRXOGKDYHUHTXLUHGDGGLWLRQDOFDOFXODWLRQVWKDWDUHQRWHDVLO\
LPSOHPHQWHGLQWKHPRGHO$VLPLODUPLVPDWFKEHWZHHQWKHPRGHOHGDQGREVHUYHGWUHQG
SURILOHVRFFXUUHGZKHQEmmert et al.XVHGDRQHGLPHQVLRQDOPRGHOWRVXSSRUWWKHLU
DUJXPHQWIRUDQLQFUHDVHLQWKHUDWHRIYHUWLFDOGLIIXVLRQFIWKHLU)LJXUH7KXVQHLWKHU
WKHUHVXOWVSUHVHQWHGLQ)LJXUHQRUWKRVHRIEmmert et al.SURGXFHDFRPSOHWHO\
 
VDWLVIDFWRU\DJUHHPHQWEHWZHHQPRGHOHGDQGREVHUYHGWUHQGVRI&2[DOWKRXJKWKH\DUH
DEOHWRPDWFKWKHREVHUYHGWUHQGVRYHUPXFKRIWKHORZHUWKHUPRVSKHUH
6LPLODUUHVXOWVDUHREWDLQHGZKHQWUHQGVLQ&2DORQHDUHFRQVLGHUHGDVVKRZQLQ
)LJXUH$JDLQDGHFDGDOLQFUHDVHLQK]]RIDERXWDWKLUGZRXOGEULQJWKH:$&&0WUHQG
RI&2LQWROLQHZLWKWKHWUHQGREWDLQHGIURP$&()76GDWD,QFLGHQWDOO\WKH$&()76
WUHQGRI&2LVVWDWLVWLFDOO\LQGLVWLQJXLVKDEOHIURP]HURHYHU\ZKHUHDERYHNPQRW
VKRZQ7KXVWKHGLVFUHSDQF\LQPRGHOHGYHUVXVREVHUYHGWUHQGVLQ&2[LVGRPLQDWHGE\
WKHEHKDYLRURI&2DWOHDVWEHORZNPZKHUHPRVWRIWKHWRWDOFDUERQUHVLGHVLQ
&27KHYHU\ODUJHWUHQGLQ&2REWDLQHGIURP$&()76GDWDZKLFKH[FHHGVQHDU
NPLVFRQVLVWHQWZLWKWKHUHFHQWVWXG\RIYue et al.>@ZKRHVWLPDWHGWKHWUHQGLQ
&2IURPREVHUYDWLRQVPDGHE\WKH6$%(5LQVWUXPHQWRQERDUG1$6$¶V7,0('VDWHOOLWH
IURPWKURXJKYue et al.UHSRUWHGDWUHQGRIaSHUGHFDGHDERYHNPDV
VKRZQLQWKHLU)LJXUHWKHWUHQGSURILOHGHULYHGIURP6$%(5GLIIHUVIURPWKH$&()76
WUHQGSURILOHLQWKDWWKHWUHQGSHDNVDWDKLJKHUDOWLWXGHEXWLVFRQVLVWHQWZLWK$&()76
LQVRIDUDVWKHWUHQGLQWKHORZHUWKHUPRVSKHUHLVPXFKODUJHUWKDQWKHWUHQGEHORZNP
7DNHQWRJHWKHUWKH6$%(5DQG$&()76UHVXOWVPDNHDVWURQJFDVHIRUDIDVW
LQFUHDVHLQ&2LQWKHORZHUWKHUPRVSKHUHLQUHFHQW\HDUV:$&&0VLPXODWLRQVRQWKH
RWKHUKDQGSURGXFHWUHQGVWKDWDUHHYHU\ZKHUHLQGLVWLQJXLVKDEOHIURPWKHWUHQGDWORZHU
DOWLWXGHVZKLFKFDQEHDVFULEHGWRDQWKURSRJHQLFHPLVVLRQVRI&2(VWLPDWHVRIWKH
LPSDFWRIK]]RQPRGHOHGWUHQGVVXJJHVWWKDWDQLQFUHDVHLQHGG\YHUWLFDOPL[LQJFDQEULQJ
WKHPRGHOUHVXOWVLQWRDJUHHPHQWZLWKREVHUYDWLRQV7KLVLVFRQVLVWHQWZLWKWKHFRQFOXVLRQV
RIEmmert et al.>@ZKRREWDLQHGDVLPLODUUHVXOWXVLQJWKHRQHGLPHQVLRQDOGLIIXVLYH
PRGHORIRoble>@7KHUHTXLUHGFKDQJHLQK]]UDQJHVIURPSHUGHFDGHLQWKH
 
FDOFXODWLRQVRIEmmert et al.WRRYHUSHUGHFDGHLQWKHHVWLPDWHVSUHVHQWHGKHUH7KH
SDUDPHWHUL]DWLRQRIJUDYLW\ZDYHEUHDNLQJLQFOXGHGLQ:$&&0LVGHVLJQHGWRLQWHUDFW
ZLWKWKHUHVROYHGG\QDPLFVRIWKHXQGHUO\LQJPRGHODVGLVFXVVHGLQ6HFWLRQEXWIDLOVWR
SURGXFHDVLJQLILFDQWFKDQJHLQK]]LQWKH0/7RYHUWKHSHULRGFRQVLGHUHGKHUHRULQGHHG
RYHUDQ\SHULRGLQWKHODWHWKDQGHDUO\VWFHQWXULHVQRWVKRZQ)XUWKHUPRUHWKHUHLV
HVVHQWLDOO\QRGLUHFWHYLGHQFHIRUDUHFHQWJOREDOLQFUHDVHLQWXUEXOHQWPL[LQJDOWKRXJKWKH
ZRUNRIHoffman et al.>@VXJJHVWVDORFDOLQFUHDVHLQJUDYLW\ZDYHDFWLYLW\RYHU
-XOLXVUXK*HUPDQ\1
,QYLHZRIWKHIRUHJRLQJUHVXOWVRQHPLJKWZRQGHUZKHWKHULWLVSRVVLEOHWRILQG
DGGLWLRQDOLQGHSHQGHQWHYLGHQFHIRUDUDSLGLQFUHDVHLQHGG\YHUWLFDOPL[LQJLQWKH0/7
VLQFHWKHHDUO\V,QVRIDUDVWKHUHDUHQRJOREDOORQJWHUPREVHUYDWLRQVRIJUDYLW\
ZDYHEUHDNLQJLQWKH0/7HYLGHQFHIRUDJOREDOLQFUHDVHLQK]]ZRXOGKDYHWRFRPHIURP
JOREDOREVHUYDWLRQVRIPLQRUVSHFLHVWKDWDUHH[SHFWHGWRUHVSRQGVHQVLWLYHO\WRYHUWLFDO
PL[LQJ:HKDYHH[DPLQHGWKHLPSDFWRIK]]LQ:$&&0RQVHYHUDOVSHFLHVLQFOXGLQJ
DWRPLFR[\JHQZKLFKFDQEHHVWLPDWHGIURPR]RQHDQG2+DLUJORZREVHUYHGE\6$%(5
DQGLVPHDVXUHGE\WKH6&+,$0$&+<LQVWUXPHQWRQWKH(QYLVDWVDWHOOLWH>Zhu et al
@DQGZDWHUYDSRUZKLFKKDVEHHQPHDVXUHGE\6$%(5EXWQRW\HWUHOHDVHGDVD
YDOLGDWHGGDWDSURGXFW$VUHJDUGVDWRPLFR[\JHQ6PLWKHWDOKDYHVKRZQWKDWLWV
YHUWLFDOSURILOHLVDIIHFWHGE\YHUWLFDOGLIIXVLRQ+RZHYHUZ:HILQGWKDWHYHQWKRXJK2
H[KLELWVDYHU\VWHHSYHUWLFDOJUDGLHQWDERYHNPLWLVQRWYHU\VHQVLWLYHWRFKDQJHVLQK]]
LQ:$&&07KLVKDSSHQVEHFDXVHWKHYHUWLFDOJUDGLHQWRI2LVVKDOORZDWWKHDOWLWXGHV
ZKHUHLWVSKRWRFKHPLFDOOLIHWLPHLVORQJDQGVWHHSPDLQO\ZKHUHLWSKRWRFKHPLFDOOLIHWLPH
LVVKRUWZKLFKUHGXFHVWKHLPSDFWRIWUDQVSRUWRQWKHORFDOPL[LQJUDWLR(YHQD
 
FKDQJHLQK]]SURGXFHVFKDQJHVLQ:$&&02ZKRVHPDJQLWXGHLVOHVVWKDQQRW
VKRZQ
:DWHUYDSRURQWKHRWKHUKDQGPD\EHDSRWHQWLDOO\XVHIXOLQGLFDWRURIFKDQJHVLQK]]
:DWHUYDSRULVSKRWRO\]HGE\/\PDQDOSKDUDGLDWLRQDERYHDERXWNPEXWWKHUDWHRI
SKRWRO\VLVLVVORZHQRXJKGD\VWRZHHNVWKDWWKHYHUWLFDOJUDGLHQWLVVWURQJO\LQIOXHQFHG
E\HGG\PL[LQJ)LJXUHVKRZVWKHHVWLPDWHGLPSDFWRIWUHQGVLQK]]RQWKHWUHQGRIZDWHU
YDSRU%HWZHHQDERXWDQGNP[WR[K3DZKHUHWKH+2PL[LQJUDWLR
LQ:$&&0YDULHVIURPDERXWSSPYWRSSPYQRWVKRZQDSHUGHFDGHWUHQGLQ
K]]ZRXOGSURGXFHDWUHQGLQ+2YDU\LQJIURPSHUGHFDGHDWNPWRSHU
GHFDGHDWNP7KLVLVVXEVWDQWLDOO\ODUJHUWKDQWKHWUHQGEHORZWKHPHVRSDXVHaSHU
GHFDGHZKLFKLQ:$&&0DULVHVPDLQO\IURPVSHFLILHGDQWKURSRJHQLFHPLVVLRQVRI
PHWKDQHDQGDVOLJKWZDUPLQJRIWKHFROGSRLQWWURSRSDXVHGXULQJWKHSHULRGRILQWHUHVW
$ERYHNPWKHWUHQGLQ+2SURGXFHGE\LQFUHDVLQJK]]LVHYHQODUJHUWKDQDWORZHU
DOWLWXGHVEXWWKHORFDOPL[LQJUDWLRLVPXFKOHVVWKDQSSPYOLNHO\PDNLQJLWLPSRVVLEOHWR
UHWULHYHLWVDEXQGDQFHDFFXUDWHO\
Nedoluha et al.>@VWXGLHGWKHHYROXWLRQRIZDWHUYDSRULQWKHPHVRVSKHUHXSWR
DERXWNPGXULQJVRODUF\FOH7KH\FRPSDUHGREVHUYDWLRQVPDGHE\WKH:DWHU9DSRU
0LOOLPHWHUZDYH6SHFWURPHWHU:906ZLWKGDWDIURP+$/2(+DORJHQ2FFXOWDWLRQ
([SHULPHQWDQGRWKHULQVWUXPHQWVWKDWWRJHWKHUFRYHUHGWKHSHULRG$IWHU
DFFRXQWLQJIRUWKHLPSDFWRIFKDQJHVLQ/\PDQDOSKDUDGLDWLRQRYHUWKHVRODUF\FOH
Nedoluha et al. IRXQGWKDW+$/2(ZDWHUYDSRULQFUHDVHGE\DERXWEHWZHHQDQG
NPIURPWKURXJKRQWKHRWKHUKDQGIURPWKURXJKWKHODVW\HDU
RI+$/2(REVHUYDWLRQVZDWHUYDSRUGHFUHDVHGVOLJKWO\LQERWK+$/2(DQG:9067R
 
SXWWKHVHILQGLQJVLQSHUVSHFWLYHWKH:$&&0ZDWHUYDSRUWUHQGRYHUWKHGHFDGH
ZKLFKHQFRPSDVVHVWKHSHULRGRILQFUHDVHGRFXPHQWHGE\Nedoluha et al.LVa
DWNPDQGaDWNPQRWVKRZQWKLVPD\EHFRPSDUHGWRWKHQHDUO\
DOWLWXGHLQGHSHQGHQWSHUGHFDGHREWDLQHGIRU)LJXUH7KHWUHQGLQ
K]]FDOFXODWHGE\:$&&0RYHUWKHSHULRGLVDOVRVWDWLVWLFDOO\LQGLVWLQJXLVKDEOH
IURP]HURQRWVKRZQ(YLGHQWO\:$&&0ZDWHUYDSRUFDQH[KLELWVXEVWDQWLDOLQWHU
GHFDGDOYDULDELOLW\FRPSDUDEOHWRWKDWVHHQLQWKHREVHUYDWLRQVDQDO\]HGE\Nedoluha et 
alWKDWLVXQUHODWHGWRHGG\WUDQVSRUWDQGFRXOGFRPSOLFDWHWKHDWWULEXWLRQRIGHFDGDO
WUHQGV1HYHUWKHOHVVWKHHVWLPDWHGLPSDFWRIFKDQJHVLQK]]LOOXVWUDWHGLQ)LJXUHLVODUJH
HQRXJKSHUGHFDGHDWNPWKDWLWRXJKWWREHGLVFHUQLEOHHYHQLQWKH
SUHVHQFHRIYDULDELOLW\DULVLQJIURPRWKHUVRXUFHV
,QVXPPDU\WKHHYLGHQFHIURPWKHREVHUYDWLRQVFRQVLGHUHGLQWKLVVWXG\SRLQWVWRD
IDVWUDWHRILQFUHDVHLQ&2LQWKHORZHUWKHUPRVSKHUHWKDWFDQQRWEHVLPXODWHGZLWKRXU
VWDWHRIWKHDUWFOLPDWHFKHPLVWU\PRGHO,QRUGHUIRU:$&&0WRSURGXFHWUHQGVRI&2[
DQG&2LQWKHORZHUWKHUPRVSKHUHFRQVLVWHQWZLWK$&()76DQG6$%(5REVHUYDWLRQV
YHUWLFDOHGG\GLIIXVLRQZRXOGKDYHWRLQFUHDVHVXEVWDQWLDOO\DWDQHVWLPDWHGUDWHRIRYHU
SHUGHFDGH([DPLQDWLRQRIVXLWDEOHGDWDVHWVIRURWKHUPLQRUVSHFLHVHJZDWHU
YDSRULQWKHORZHUWKHUPRVSKHUHZRXOGEHGHVLUDEOHWRSURYLGHLQGHSHQGHQWFRQILUPDWLRQ
RIVXFKDUDSLGUDWHRILQFUHDVHLQWXUEXOHQWPL[LQJ

Acknowledgments7KH$WPRVSKHULF&KHPLVWU\([SHULPHQW$&(DOVRNQRZQDV
6&,6$7LVD&DQDGLDQOHGPLVVLRQVXSSRUWHGPDLQO\E\WKH&DQDGLDQ6SDFH$JHQF\DQG
WKH1DWXUDO6FLHQFHVDQG(QJLQHHULQJ5HVHDUFK&RXQFLORI&DQDGDZHWKDQN.DOH\:DONHU
IRUKHOSLQJXVDFFHVVWKH$&(GDWDDQGDGYLVLQJXVRQLWVXVH:HDUHDOVRLQGHEWHGWR
 
$QQH.6PLWKDQG:LOOLDP5DQGHOIRUWKHLUFRPPHQWVDQGVXJJHVWLRQVRQWKHRULJLQDO
YHUVLRQRIWKLVZRUNDQGWR0DUW\0O\QF]DNDQGWZRDQRQ\PRXVUHYLHZHUVIRUDGGLWLRQDO
FRPPHQWVDOORIZKLFKKDYHUHVXOWHGLQDQLPSURYHGSDSHU7KH1DWLRQDO&HQWHUIRU
$WPRVSKHULF5HVHDUFK1&$5LVVSRQVRUHGE\WKH861DWLRQDO6FLHQFH)RXQGDWLRQ5
5*DUFLDDQG'50DUVKZHUHVXSSRUWHGLQSDUWE\1$6$JUDQWV;$-*DQG
11;$(*UHVSHFWLYHO\0/ySH]3XHUWDVDQG%)XQNHZHUHVXSSRUWHGE\
0,1(&26SDLQXQGHUJUDQW(633DQG(&)('(5IXQGV:$&&0LVD
FRPSRQHQWRI1&$5¶V&RPPXQLW\(DUWK6\VWHP0RGHO&(60ZKLFKLVVXSSRUWHGE\
WKH1DWLRQDO6FLHQFH)RXQGDWLRQ16)DQGWKH2IILFHRI6FLHQFHRIWKH86'HSDUWPHQW
RI(QHUJ\&RPSXWLQJUHVRXUFHVZHUHSURYLGHGE\1&$5¶V&OLPDWH6LPXODWLRQ
/DERUDWRU\VSRQVRUHGE\16)DQGRWKHUDJHQFLHV7KLVUHVHDUFKZDVHQDEOHGE\WKH
FRPSXWDWLRQDODQGVWRUDJHUHVRXUFHVRI1&$5¶V&RPSXWDWLRQDODQG,QIRUPDWLRQ6\VWHPV
/DERUDWRU\&,6/7KHPRGHORXWSXWDQGGDWDXVHGLQWKLVSDSHULVOLVWHGLQWKHUHIHUHQFHV
RUDYDLODEOHIURPWKHDXWKRUV
5HIHUHQFHV
%DOO : 7 1 $ .ULYRYD < & 8QUXK - ' +DLJK DQG 6 . 6RODQNL $ QHZ
6$7,5(6 6SHFWUDO 6RODU ,UUDGLDQFH UHFRQVWUXFWLRQ IRU VRODU F\FOHV ± DQG LWV
LPSOLFDWLRQVIRUVWUDWRVSKHULFR]RQHJ. Atmos. Sci.,
%HDJOH\65&'%RRQH9,)RPLFKHY---LQ.6HPHQLXN-&0F&RQQHOODQG
3)%HUQDWK)LUVWPXOWL\HDURFFXOWDWLRQREVHUYDWLRQVRI&2 LQ WKH0/7E\
$&( VDWHOOLWH 2EVHUYDWLRQV DQG DQDO\VLV XVLQJ WKH H[WHQGHG &0$0 Atmos. Chem. 
Phys  
%RRQH&'51DVVDU.$:DONHU<5RFKRQ5HWULHYDOVIRUWKHDWPRVSKHULF
FKHPLVWU\H[SHULPHQW)RXULHUWUDQVIRUPVSHFWURPHWHUAppl. Opt±
%RRQH & ' :DONHU . $ DQG %HUQDWK 3 )  9HUVLRQ  5HWULHYDOV IRU WKH
$WPRVSKHULF &KHPLVWU\ ([SHULPHQW )RXULHU 7UDQVIRUP 6SHFWURPHWHU $&()76 ,Q
The Atmospheric Chemistry Experiment ACE at 10: A Solar Occultation Anthology$
'HHSDN3XEOLVKLQJ+DPSWRQ9LUJLQLD86$±
&OHUEDX[&HWDO&2PHDVXUHPHQWVIURPWKH$&()76VDWHOOLWHLQVWUXPHQWGDWD
DQDO\VLV DQG YDOLGDWLRQ XVLQJ JURXQGEDVHG DLUERUQH DQG VSDFHERUQH REVHUYDWLRQV
Atmos. Chem. Phys±
(PPHUW - 7 0+ 6WHSKHQV 3 ) %HUQDWK ' 3 'URE DQG & ' %RRQH 
2EVHUYDWLRQVRILQFUHDVLQJFDUERQGLR[LGHFRQFHQWUDWLRQVLQWKH(DUWK¶VWKHUPRVSKHUH
Nature Geoscience,±GRLQJHR
(UPROOL , HW DO 5HFHQW YDULDELOLW\ RI WKH VRODU VSHFWUDO LUUDGLDQFH DQG LWV LPSDFW RQ
FOLPDWHPRGHOLQJAtmos. Chem. Phys±
 
)LVFKHU + HW DO  0,3$6 $Q LQVWUXPHQW IRU DWPRVSKHULF DQG FOLPDWH UHVHDUFK
Atmos. Chem. Phys±
)XQNH%HWDO&DUERQPRQR[LGHGLVWULEXWLRQVIURPWKHXSSHU WURSRVSKHUH WRWKH
PHVRVSKHUHLQIHUUHGIURPPQRQORFDOWKHUPDOHTXLOLEULXPHPLVVLRQVPHDVXUHGE\
0,3$6RQ(19,6$7Atmos. Chem. Phys±
*DUFLD55'50DUVK'(.LQQLVRQ%$%RYLOOHDQG)6DVVL6LPXODWLRQ
RIVHFXODUWUHQGVLQWKHPLGGOHDWPRVSKHUHJ. Geophys. Res., '
GRL-'
*DUFLD550/ySH]3XHUWDV%)XQNH'50DUVK'(.LQQLVRQ$.6PLWKDQG
)*RQ]iOH]*DOLQGR2QWKHGLVWULEXWLRQRI&2DQG&2LQWKHPHVRVSKHUHDQG
ORZHUWKHUPRVSKHUHJ. Geophys. ResGRL-'
+RIIPDQQ305DSS:6LQJHU DQG'.HXHU 7UHQGVRIPHVRVSKHULFJUDYLW\
ZDYHV DW QRUWKHUQ PLGGOH ODWLWXGHV GXULQJ VXPPHU J. Geophys. Res  '3
GRL-'
.ULYRYD16.6RODQNLDQG<&8QUXK7RZDUGVDORQJWHUPUHFRUGRIVRODU
WRWDO DQG VSHFWUDO LUUDGLDQFH J. Atmos. Sol.-Terr. Phys  ±
GRLMMDVWS
.XQ] $ / / 3DQ 3 .RQRSND ' ( .LQQLVRQ DQG 6 7LOPHV  &KHPLFDO DQG
G\QDPLFDO GLVFRQWLQXLW\ DW WKH H[WUDWURSLFDO WURSRSDXVH EDVHG RQ 67$57 DQG
:$&&0DQDO\VLV-. Geophys. Res'GRL-'
 
/HDQ-/*-5RWWPDQ+/.\OH71:RRG-5+LFNH\DQG/&3XJD
'HWHFWLRQDQGSDUDPHWHUL]DWLRQRIYDULDWLRQVLQVRODUPLGDQGQHDUXOWUDYLROHWUDGLDWLRQ
QPJ. Geophys. Res
/LX+/)6DVVLDQG55*DUFLD(UURUJURZWKLQDZKROHDWPRVSKHUHFOLPDWH
PRGHOJ. Atmos. Sci., 
1HGROXKD*(50*RPH]%&+LFNV-(:URWQ\&%RRQHDQG$O\Q/DPEHUW
:DWHUYDSRUPHDVXUHPHQWVLQWKHPHVRVSKHUHIURP0DXQD/RDRYHUVRODUF\FOH
J. Geophys. Res., 'GRL-'  
2HOKDI+0,3$60LVVLRQ3ODQ(6$7HFKQLFDO1RWH(19,633$(23*71

5LFKWHU-+)6DVVLDQG55*DUFLD7RZDUGDSK\VLFDOO\EDVHGJUDYLW\ZDYH
VRXUFHSDUDPHWHUL]DWLRQLQDJHQHUDOFLUFXODWLRQPRGHOJ. Atmos. Sci., 
5LHQHFNHU00HWDO0(55$1$6$¶V0RGHUQ(UD5HWURVSHFWLYH$QDO\VLVIRU
5HVHDUFK DQG $SSOLFDWLRQV Journal of Climate   GRL-&/,'

5REOH 5 *  (QHUJHWLFV RI WKH PHVRVSKHUH DQG WKHUPRVSKHUH LQ 7KH 8SSHU
0HVRVSKHUHDQG/RZHU7KHUPRVSKHUH$5HYLHZRI([SHULPHQWDQG7KHRU\Geophys. 
Monogr. 6HU YRO  HGLWHG E\ 5 0 -RKQVRQ DQG 7 / .LOOHHQ SS ± $*8
:DVKLQJWRQ'&GRL*0S
6PLWK$.'50DUVK0*0O\QF]DNDQG-&0DVW7HPSRUDOYDULDWLRQVRI
DWRPLFR[\JHQLQWKHXSSHUPHVRVSKHUHIURP6$%(5J. Geophys. Res.'
GRL-'
 
7LDR*&*&5HLQVHO';X-+3HGULFN;=KX$-0LOOHU--'H/XLVL&/
0DWHHUDQG'-:XHEEOHV (IIHFWVRIDXWRFRUUHODWLRQDQG WHPSRUDO VDPSOLQJ
VFKHPHV RQ HVWLPDWHV RI WUHQG DQG VSDWLDO FRUUHODWLRQ J. Geophys. Res.  

<XH--5XVVHOO,,,<-LDQ/5H]DF5*DUFLD0/ySH]3XHUWDVDQG0*0O\QF]DN
 ,QFUHDVLQJFDUERQGLR[LGHFRQFHQWUDWLRQ LQ WKHXSSHUDWPRVSKHUHREVHUYHGE\
6$%(5Geophys. Res. LettGRL*/
=KX<0.DXIPDQQ0(UQDQG05LHVH1LJKWWLPHDWRPLFR[\JHQLQWKHPHVRSDXVH
UHJLRQUHWULHYHGIURP6&,$0$&+<26JUHHQOLQHPHDVXUHPHQWVDQGLWVUHVSRQVHWR
VRODUF\FOHYDULDWLRQVJ. Geophys. Res.GRL-$
 
 

)LJXUH(YROXWLRQRIREVHUYHGDQGPRGHOHG&2OHIWDQG&2ULJKWDYHUDJHGRYHU6
1IRUDWWKUHHSUHVVXUHOHYHOV%ODFNDQGEOXHFXUYHVGHQRWH0,3$6DQG$&(
GDWDUHVSHFWLYHO\ZLWKV\VWHPDWLFPHDVXUHPHQWHUURUVVKDGHG:$&&0UHVXOWVDUHVKRZQ
LQUHG
 

)LJXUH(YROXWLRQRIREVHUYHGDQGPRGHOHG&2[DYHUDJHGRYHU61IRUWKHSHULRG
DW[K3DDQGK3D%OXHFXUYHVGHQRWH$&(GDWDZLWKV\VWHPDWLF
HUURUVVKDGHG:$&&0UHVXOWVDUHVKRZQLQUHG
 

)LJXUH9HUWLFDOSURILOHRIWKHJOREDOWUHQGSHUGHFDGHRI&2[ &2&2IRUWKH
SHULRGGHULYHGIURP$&(REVHUYDWLRQVEOXHDQG:$&&0UHVXOWVEODFN
'DVKHGOLQHVDQGJUD\VKDGLQJGHQRWHVLJPDXQFHUWDLQWLHVRIWKH$&(DQG:$&&0
WUHQGHVWLPDWHVUHVSHFWLYHO\
 

)LJXUH(IIHFWRQWKH:$&&0&2[WUHQGRIDGGLQJUDQGRPQRLVHWRWKHPRGHORXWSXW
7KHEOXHFXUYHGHQRWHVWKHWUHQGGHULYHGIURP$&(GDVKHGOLQHVDQGJUD\VKDGLQJGHQRWH
VLJPDXQFHUWDLQWLHVRIWKH$&(DQG:$&&0WUHQGHVWLPDWHVUHVSHFWLYHO\6HHWH[WIRU
GHWDLOV
 

)LJXUH(IIHFWRQWKH:$&&0&2[WUHQGRIGRXEOLQJWKHVRODUF\FOHLUUDGLDQFHYDULDWLRQ
DWQP7KHVROLGFXUYHDQGOLJKWVKDGLQJGHQRWHWKHWUHQGIURPWKHRULJLQDO
VLPXODWLRQDQGLWVXQFHUWDLQW\WKHGDVKHGFXUYHGDQGGDUNVKDGLQJUHIHUWRWKHVLPXODWLRQ
ZLWKLQFUHDVHGLUUDGLDQFHYDULDELOLW\7KHEOXHFXUYHDQGGDVKHGOLQHVGHQRWHWKH$&(WUHQG
DQGLWVXQFHUWDLQW\6HHWH[WIRUGHWDLOV
 

)LJXUH7KH:$&&0&2[WUHQGREWDLQHGZKHQWKHPRGHOLVVDPSOHGDWWKHJHRORFDWLRQV
RIWKH$&()76REVHUYDWLRQVFRPSDUHGZLWKWKHWUHQGREWDLQHGIURP$&(GDWD
XQFHUWDLQWLHVDUHGHQRWHGE\VKDGLQJDQGGDVKHGOLQHVUHVSHFWLYHO\6HHWH[WIRUGHWDLOV

 

)LJXUH(IIHFWRIFKDQJLQJK]]RQWKH:$&&0WUHQGRI&2[$&(DQG:$&&0WUHQGV
IRUDUHGHQRWHGE\WKHEODFNFXUYHVZLWKJUD\VKDGLQJLQGLFDWLQJVLJPD
XQFHUWDLQWLHV7KHHVWLPDWHGLPSDFWRQ:$&&0UHVXOWVRILQFUHDVLQJK]]E\DQG
SHUGHFDGHLVLOOXVWUDWHGE\WKHFRORUHGGDVKHGFXUYHV6HHWH[WIRUGHWDLOV
 

)LJXUH$VLQ)LJXUHEXWIRUWKHWUHQGRI&2
 

)LJXUH$VLQ)LJXUHEXWIRUWKHWUHQGRI+2
